INTRODUCTION
As part of a U.S. Geological Survey program to install borehole strainmeters near the Hayward fault (Johnston et al., 1992) , exploratory pilot holes were drilled at seven sites along the southern segment of the fault in order to determine the appropriate locations and depths for eventual installation of the strainmeters. At five of these sites, the pilot holes were completed with tubing cemented in place, providing access for continuing subsurface studies after the completion of drilling. Subsurface temperatures in these holes were recorded by the USGS Geothermal Studies Project in the weeks and months following completion to determine equilibrium geothermal gradients. In addition, core, cuttings, and surface samples were collected for thermal conductivity measurements and then combined with the geothermal gradient information in calculations of subsurface heat flow.
This report summarizes these measurements and the resulting heat-flow determinations from five of the pilot holes. Until the acquisition of these new data, heat flow information in the vicinity of the Hayward fault was limited to a single measurement near the UC Berkeley campus ( Figure 1 ). The 84 mW/m2 value measured at this site is consistent with the relatively high heat flow measured west of the San Francisco Bay and elsewhere in the California Coast Ranges (Lachenbruch and Sass, 1980) . Heat flow decreases to the east of the Calaveras Fault in the transition between the Coast Ranges and the Central Valley. The previously published data are too sparse for determining the spatial variation of heat flow within this transition region.
Consequently, the new data discussed below provide valuable information on the variation in heat flow both along the Hayward fault and in the region between the Hayward and Calavera faults. This thermal information can be extrapolated to depth in order to estimate crustal temperatures and, with some additional information regarding lithology and strain rate, the crustal rheology of this complex plate boundary.
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Figure 1 -Location map showing previously published heat-flow measurements in the San
Francisco Bay area, the new sites described in this report, and major faults. Note that the 65 mW/m2 value located just east of the Calaveras fault is a revision of the value reported by Lachenbruch and Sass (1980) .
DRILLING AND COMPLETION OPERATIONS
The six holes discussed in this report were drilled in the period from September, 1991 to September, 1992 . Five of the holes are pilot holes drilled prior to strainmeter installation, and the sixth is one of the subsequently drilled strainmeter holes. These small diameter (5.25 inches or 13.3 cm) pilot holes were drilled to identify the appropriate location and depth for strainmeter emplacement. Because strainmeters must be installed in cased holes and local requirements are for a minimum of 2 inches of cement outside of the casing, a relatively large diameter hole (11 inches or 27.9 cm) must be drilled into a competent rock formation for each strainmeter. Pilot holes are a cost-effective means of investigating subsurface conditions before incurring the substantial cost of drilling the strainmeter holes.
These five pilot holes were completed as heat-flow holes in the manner outlined by Moses and Sass (1979) . Most of the drilling was accomplished with the rotary technique using air as the drilling fluid, although difficult drilling conditions often made it necessary to switch to drilling mud before the target depth could be reached. Chip samples were collected at 6 meter (20 foot) intervals and spot cores were taken at target depths for strainmeter installation (typically > 120 meters). Upon completion of drilling, 3.2 cm (1.25 inch) diameter tubing was lowered into each hole and cemented in place. Although plans called for cement lining the hole annulus from total depth to the surface, some of the holes are only partially cemented (see discussion below).
For each hole, open hole logs were run before the tubing was cemented in place. These logs included caliper, gamma ray, resistivity, spontaneous potential, and borehole televiewer measurements, although adverse hole conditions and other operational problems limited the success of these logging efforts. Subsurface temperature logs were recorded immediately after completion and at irregular intervals over the following year. The temperature data presented in this report represent near-equilibrium measurements recorded by the last series of logs.
The names, locations, and depths of the holes discussed in this report are summarized in Table 1 , and the locations are shown in Figure 1 . Except for the Coyote Hills site, the holes were located in the hills east of the Hayward Fault within sandstones, shales and conglomerates of the Cretaceous Panoche Formation as identified by Dibblee (1980a,b) . In general, massive sandstone predominates, although shale layers of varying thickness are common and correlate with intervals of hole instability. Formation dips are variable but are consistent in magnitude with the surface dips mapped by Dibblee (1980a,b) . Fracturing is common in the cores from the Niles and Sunol sites, a result confirmed by borehole televiewer logs (J. Svitek, written comm., 1992).
The Coyote Hills hole was drilled into the Jurassic-Cretaceous Franciscan Formation (Snetsinger, 1976) . The Franciscan Formation in the Coyote Hills is predominantly composed of greenstone (60%) with tightly folded beds of chert, graywacke and argillite making up the remainder (Snetsinger, 1976) , although the drillhole penetrated graywacke and argillite exclusively. Samples show common shear fabrics and fracturing, with most fractures filled with calcite cement.
TEMPERATURE AND THERMAL CONDUCTIVITY DATA Temperature profiles were recorded for each hole immediately after the end of drilling and in the following months. The final temperature logs are essentially equilibrium values except for the profiles from the Garin Park (GAR2). GAR1, the pilot hole, was partially plugged with cement, so a non-equilibrium profile was obtained from GAR2, the strainmeter hole, before installation of the strainmeter. Temperature profiles were corrected for steady-state topography using the method of Birch (1950) . Thermal conductivities were measured on disks cut from core samples in a "divided-bar" apparatus . Whenever possible, measurements were made of both the vertical and horizontal conductivity in order to establish the degree of thermal conductivity anisotropy. The thermal conductivity of cuttings samples was also measured in the divided-bar using the chip cell technique developed by . This technique yields the rock matrix thermal conductivity, so the bulk rock thermal conductivity was estimated by applying a geometric mean model for the thermal conductivity of a porous medium, where \ is the bulk rock conductivity, Xf is the water conductivity, ^ is the rock matrix conductivity, and <j > is the fractional porosity. Porosity was estimated from the average values measured on core samples from each well. Because there is substantial variability in the temperature profiles and thermal conductivities, each site is discussed separately.
HEAT FLOW LAKE CHABOT #1 (CHA1)
This hole was drilled to a depth of 151 meters (494 feet) at a site located approximately 1.7 km northeast of Lake Chabot and 3.2 km northeast of the Hay ward Fault. As described in Table 2 , the hole penetrated sandstone and shale of the Panoche Formation on the western limb of the "Niles Syncline" mapped by Dibblee (1980a,b) . First, warm groundwater flowing upward along a fault/fracture plane intersecting the hole at 104 meters could produce higher heat flow in the interval above the intersection. However, the Chabot site is perched near the top of a hill approximately 185 meters above Lake Chabot.
In this environment, it is difficult, if not impossible, to develop the hydraulic potentials necessary to drive water uphill from the nearby lake. Second, this possible fault plane could Whether the apparent vertical variation in heat flow is due to groundwater flow or thermal conductivity anisotropy, the heat flow measured below a depth of 110 meters would be relatively undisturbed. Consequently, the 83.3 mW/m2 measured from 110 to 151 meters is presented in Table 6 as the appropriate average value for this site.
GARIN PARK #2 (GAR2) -
This hole was drilled to a depth of 156 meters (510 feet) at a site located approximately 3 kilometers northeast of the Hay ward Fault (Figure 1 ). Pump failure left the pilot hole (GAR1) plugged with cement at 78 meters, so temperature data were recorded in the subsequent strainmeter hole (GAR2; Figure 3 ). Unfortunately, GAR2 was available for a limited time after drilling, and the temperature profile shown in Figure 3 does not represent equilibrium conditions.
There are two additional problems with the Garin Park site. First, its location at the edge of a ridge approximately 200 meters high and sloping off to the west at an angle of 30 degrees introduces a two-dimensional topographic disturbance that reduces conductive heat flow at this site by at least 50% and perhaps as much as 70% (see Lachenbruch, 1969 for a complete discussion of two-dimensional topographic corrections to surface heat flow). Second, surface (Table 2) is also found in the borehole televiewer log from the upper section of the hole (J. Svitek, written comm., 1992).
Thermal conductivities were measured on both cores and cuttings. The abundant core from NIL1 and NIL2 provided an opportunity to measure the thermal conductivity anisotropy.
For NIL1, the average of 21 vertical divided-bar measurements is 3.047 +/-0.055 W/m.K (the uncertainty is the 95% confidence limit). The average of 13 horizontal measurements is 3.075 +/-0.100. For NIL2, the average of 20 vertical measurements is 2.912 +/-0.095, and the average of 12 horizontal measurements is 2.899 +/-0.100. Within the repeatability of the technique (+/-2%) and the statistical uncertainty of the measurements, the core recovered from the two Niles holes is thermally isotropic.
The temperature profiles for NIL1 and NIL2 show a characteristic curvature in the upper 90 to 120 meters that appears to flatten out near the bottom of each hole to a gradient of approximately 17 °C/km (Table 6 ). Topographic corrections did not remove this curvature, and (2),
For an event 60 years old, the gradient effect is less than 1 °C/km at a depth of 150 meters.
Consequently, if the observed curvature is purely an effect of increasing surface temperature, then the topographically-corrected gradients determined for the bottom sections of NIL1 and NIL2 in Table 6 should be close to the background value.
In the case of downward groundwater flow, the thermal disturbance is pervasive throughout the depth interval penetrated by the holes. If there is constant vertical groundwater flow from the surface (z = 0) at the Niles sites, the effect of this flow on measured heat flow is easily represented as
where q0 is the apparent (i.e. measured) surface heat flow, L is the depth interval over which there is steady vertical groundwater flow, and Pe is the Peclet number, representing the ratio of advective to conductive heat flow (Clauser and Villinger, 1990) . Figure 7 shows heat flow versus depth for NIL1 and NIL2 along with the best fit of Equation (4) This provides a quantitative estimate of heat flow in all parts of the flow field for which the vertical groundwater flow rate is constant. In order to determine the appropriate depth at which to solve Equation (4) for the conductive heat flow below the groundwater flow (i.e. the background value) it is also necessary to estimate L.
The Niles sites are located approximately 400 meters above sea level, and it is reasonable to assume that L is greater than the drilled depth (180 meters) and less than the elevation. Niles
Canyon has perennial stream flow from these locations approximately 300 meters below the drill sites. If we take 300 meters as the estimate for L, q(300) is equal to 94.8 mW/m2. This value is highly sensitive to the choice of L and is almost certainly an upper bound on the background conductive heat flow. In reality, groundwater flow of this sort is not purely one-dimensional, even though the sites are located near the crest of the ridge. Water will tend to flow downslope, with a decreasing vertical component and an increasing horizontal component at greater depths.
Even in constant velocity flow fields, the one-dimensional assumption breaks down at L because mass conservation requires that all of the fluid flow turn in a horizontal direction at this point. show a similar curvature, but the thermal disturbance is limited to the upper 90 meters (see below). As far as groundwater flow is concerned, the pervasive fracturing observed in the core and televiewer logs is unique to the Niles and Sunol sites, and these are also sites with depressed geothermal gradients (see Sunol section below). In addition, the location of these sites near the top of relatively steep ridges places them at the point of greatest hydraulic potential for downward groundwater flow.
Consequently, the final heat flow values for these sites are presented using the two groundwater models outlined above. The applicability of these solutions is highly uncertain, so the final value is presented as an average of the two (80 mW/m2) with an uncertainty of equal Consequently, a heat flow value is not reported for the Sunol site.
COYOTE HILLS #1 (COY1) -
This hole, located at the northern end of the Coyote Hills (Figure 1) , was drilled to a depth of 560 feet in sandstone and argillite of the Franciscan Formation (Table 5 ; Snetsinger, 1976) . The temperature profile from COY1 is curved upward in the upper 90 meters and linear below ( Figure 9 ). This curvature most likely represents a response to surface temperature warming in the past few decades (see NILES section above). Unlike the heat flow in the Niles holes, heat flow in COY1 reaches a constant value at a depth of 90 meters and does not vary significantly down to the base of the hole (Figure 10 ). This is consistent with the thermal effects of a recent increase in surface temperature and is not consistent with downward groundwater flow. In addition, the maximum elevation in the Coyote Hills is less than 60 meters, with COY1
located at an elevation of 7 meters, leaving little potential for groundwater flow. The average heat flow from these three sites, along with a previously published value from the Berkeley Hills is 85.8 mW/m2 with a standard deviation of 9.7 mW/m2. This places the Hayward fault well within the Coast Range heat flow high, a region of elevated heat flow which roughly corresponds to the geomorphic expression of the Coast Ranges from the vicinity of Clear Lake in the north to the Transverse Ranges in the south (Lachenbruch and Sass, 1980) .
The data shown in Figure 11 do suggest a relatively abrupt decrease in heat flow to approximately 65 mW/m2 just east of the Calaveras fault, but it is probably unwise to characterize the shape of this transition on the basis of a single measurement. Within the San Francisco Bay area, these new data are remarkably consistent with heat flow measured along the San Andreas fault on the San Francisco Peninsula (Figure 11 ). The six heat flow measurements on the San Francisco Peninsula average 89.2 mW/m2 with a standard deviation of 9.7 mW/m2.
Given the small number of data points, this average is statistically indistinguishable from the 85.8 mW/m2 average reported above for the Hayward fault region. This fact has important consequences for the nature of the San Andreas fault system in the San Francisco Bay area.
Recent models for the tectonic evolution of the Hayward and San Andreas faults (e.g. Furlong, 1993) suggest that the Pacific-North American plate boundary beneath the seismogenic layer is focused beneath the Hayward-Calaveras fault system and not under the San Andreas some slickened-sides; shale; medium to dark gray Ss; medium grained, light gray feldspathic wacke, (cutting chunks fairly large from -76 -85m, pieces equidimensional); shale, medium to dark gray, massive Ss and shale as above but now fragments are breaking into flake-shaped pieces; more white vein material than in section above (may be more shear) Shale; light to medium gray, massive ss; fine to very fine grained (white earthy material in cuttings may be fault gouge) Ss; medium grained, light gray feldspathic wacke; shale, dark gray, massive 
APPENDIX
Thermal Effects of Vertical Groundwater Flow Rates Decreasing Linearly with Depth
The derivation of Equation 5 is a modification of the Bredehoeft and Papadopulos (1965) Peclet number analysis that is similar to a thermal model developed by Lachenbruch et al. (1985) for sedimentation on extending crust. The conceptual model considers vertical ground water flow that can be characterized as v(z) = v0(z-L)/L, where v0 is the downward fluid velocity at the surface z = 0 and L is the thickness of the layer through which this vertical flow occurs.
To maintain conservation of mass, the decrease of vertical flow with depth is compensated by a balancing horizontal flow. In order for the thermal effects of this two-dimensional flow system to be solvable with one-dimensional analytical model, it is assumed that all of the horizontal flow is directed along isotherms and that the flow system has reached steady state. This is likely to be a poor assumption at downslope locations where isotherms will tend to follow the sloping ground surface but is applicable to ridge tops where isotherms will be subhorizontal. This model should be applicable to the Niles sites, which are located near the crest of Walpert Ridge.
For simplicity, the following boundary conditions are applied. At z=0, T=0 and v=v0. 
